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Introduction
Biodiversity is of critical importance for maintaining the functioning of ecosystems. With high species diversity, an ecosystem is expected to be more effective at processing nutrients and providing ecosystem services than one with low species diversity (Cardinale et al. 2002 (Cardinale et al. , 2006 Hooper et al. 2012; Loreau 2000 Loreau , 2010 . This relationship, known as the biodiversity-ecosystem functioning (BEF) relationship, has been widely demonstrated to occur in a broad range of ecosystems (Tilman et al. 1997; Hector et al. 1999; Tilman et al. 2001; Hooper et al. 2005; O'Connor et al. 2017) . Maintaining high biodiversity is suggested as key for conserving ecosystem services under current global change (Perkins et al. 2015) . However, little is known about how global warming will impact this relationship. Climate change models predict an increase in both average temperature and temperature variation (IPCC 2014) . It is therefore important to determine whether diverse ecosystems will still maintain their functioning and ability to provide ecosystem services of high standard and, thus, whether a positive BEF relationship will still hold under an increase in temperature and temperature variability.
Among all the possible mechanisms that have been found to drive the BEF relationship, the selection effect and interspecific complementarity are considered to be the two key mechanisms (Tilman et al. 2014) . The selection effect is based on the increasing probability that more diverse communities contain species with particular functional traits that allow them to be competitively superior and to drive the high productivity of a community. Interspecific complementarity posits that different species in a community have different traits, which will increase the likelihood that the community will exploit all resources and will result in higher productivity (Loreau 2010) . Although their relative importance was heavily debated among ecologists, it has been recognized that these two mechanisms are not mutually exclusive (Loreau et al. 2002) , with both mechanisms found to be equally important in terrestrial systems but the complementarity effect prevailing in aquatic systems (Cardinale et al. 2011) .
When investigating the effect of global warming on the BEF relationship, a general statement for the selection effect is difficult to reach because of the idiosyncratic behavior of species in experiments. However, temperature is known to affect metabolism in a predictable way for a large range of ectothermic species, notably by increasing the rate at which resources are exploited (Dell et al. 2011) . Consequently, a theory can be reached for the effect of warming on the BEF relationship through the mechanism of exploitative interspecific competition, which is mediated by attack rate. This pro-cess is intimately linked to niche overlap and can be seen as a counterpart of interspecific complementarity (Loreau 2010) .
Here, we developed a theory based on a mechanistic consumer-resource model and compared our theoretical predictions to experimental results from a simple, natural microcosm system consisting of protozoans and bacteria (consumers and resources, respectively). This model allows the exploration of how the exploitative competition-or interspecific complementarity-is affected by temperature by using experimentally established relationships between temperature and consumer attack rates on resources. This approach enables a comprehension of how climate change can modify community dynamics through altering species interactions and demographic parameters and ultimately of how this translates in terms of the BEF relationship.
From a Consumer-Resource to a BEF Model
We based our theoretical approach on the classical LotkaVolterra model that describes consumer-resource dynamics. For simplicity, we present here the equations for the biomass of a set of S consumers (C i ) that exploit a single resource (R); however, the model can be extended to several individual resources and to resources considered as one or several continuous niche axes (see app. A, sec. A1; table 1 provides definitions for all variables and parameters; apps. A-E are available online). We use the following Lotka-Volterra model (MacArthur 1970; Logofet 1992; Loreau 2010) :
The parameters of the model are as follows: m i 1 0, the mortality rate of consumer i; a i 1 0, the attack rate on the resource; ε i 1 0, the efficiency of transforming resource into consumers; r R 1 0, the growth rate of the resource; a R 1 0, the intraspecific competition of the resource; and g ij , the interactions between consumers i and j other than exploitative competition for the common resource (e.g., interference, territorial defense, facilitation). Intraspecific competition selflimits the growth of the resource, such that in the absence Growth rate of the resource r R 1 0 a R Intraspecific competition of the resource a R 1 0 K R Carrying capacity of the resource K R p r R /a R S Number of consumers C i
Biomass of consumer i m i
Mortality rate of consumer i m i 1 0 ε i Efficiency of transforming resource into consumer i ε i 1 0 a i Attack rate on the resource by consumer i a i 1 0 g ij "Nontrophic" interaction: interactions between consumers i and j (effect of consumer j on consumer i) other than exploitative competition for the common resource R No sign constraint on g ij ; g ii 1 0 r i Intrinsic growth rate of consumer i (the difference between m i and the gain in fecundity from feeding on R) r i p 2m i 1 ε i a i r R /a R K i Carrying capacity of consumer i K i p r i a eff ii p 2m i 1 ε i a i r R =a R g ii 1 ε i a i a i =a R a eff ij
Effective interaction: "nontrophic" interaction and exploitative competition between consumers i and j a eff ij p g ij 1 ε i a i a j =a R a ij Standardized effective interaction: effective interaction between consumers i and j divided by the intraspecific effective interaction of consumer i; by definition, a ii p 1
Relative biomass: total biomass of the S consumers divided by their average carrying capacity
of the consumer, resource abundance converges to its carrying capacity given by K R p r R =a R (Arditi et al. 2016) . Note that equation (1) differs from classical consumer-resource models (MacArthur 1972) by the presence of the g ij term; this additional parameter makes ecological sense because consumer species usually do not interact only through exploitative competition for the common resource. In the following, we refer to the term g ij as "nontrophic" interaction (note that g ij and other parameters below are interaction coefficients, but for legibility we refer only to "interaction"). In particular, this term can encapsulate positive interactions among consumers, which has already been observed in experimental settingssimilartoours(Vandermeer1969).Importantly,itspresence allows all consumers to coexist on one resource (Lobry and Harmand 2006; . The sign convention for the g ij terms is chosen such that g ij 1 0 represents a negative effect of species j on species i, while g ij ! 0 is a positive effect. The intraspecific term g ii 1 0 is akin to intraspecific competition of the consumers and thus must be positive (i.e., g ii 1 0).
The dynamic system given by equation (1) can exhibit different behaviors, such as convergence to a fixed point or to a limit cycle. Mathematical results tend to indicate that in the presence of intraspecific competition for the consumers (g ii 1 0), the system tends to converge to a fixed point (Lobry and Harmand 2006) . Moreover, in the case of limit cycles, the average abundances equal the value of the fixed point (Hofbauer and Sigmund 1998, chap. 5.2) . For these reasons, we base our theory only on the fixed points for which all species have positive abundances (i.e., feasible fixed points). One can, of course, directly derive the fixed point from equation (1) by equaling the brackets on the right side to zero (see app. A, sec. A2), but it is more instructive for our mechanistic understanding to transform the consumer-resource system into a dynamic model for the consumers only (MacArthur and Levins 1967; MacArthur 1970 MacArthur , 1972 Logofet 1992; Loreau 2010) . To do so, we have to assume that the resource is at a positive equilibrium R * and that its level adjusts faster than consumer dynamics (MacArthur 1972) . We derive the resource equilibrium from its dynamic equation (1) by setting to zero the term inside the brackets:
By replacing the resource R with its equilibrium level R * , the equation for the consumers' dynamics (1) follows a LotkaVolterra type model, which describes the interactions between consumers:
We can identify the intrinsic growth rate of consumer i as r i p 2m i 1 ε i a i r R =a R in the presence of the resource (i.e., it is the balance between the mortality rate m i and the gain in fecundity from feeding on the resource ε i a i r R =a R ). We introduce the "effective interaction" a eff ij p g ij 1 ε i a i a j =a R , which encapsulates all interactions between consumers i and j. This effective interaction is the sum of the nontrophic interactions between consumers g ij and the term ε i a i a j =a R arising from exploitative competition. Note that the effective interspecific interactions can be positive or negative (due to the term g ij ), while the effective intraspecific interaction is always positive (a eff ii p g ii 1 ε i a i a i =a R 1 0). Finally, for the derivation of the BEF relationship, it is convenient to reparameterize equation (3) by making explicit the carrying capacity of the consumers:
where the parameter K i is the carrying capacity of species i (formally, the equilibrium population size in monoculture; Arditi et al. 2016 ) and a ij is the effective interaction between species i and species j standardized by the effective intraspecific competition of species i (see Svirezhev and Logofet 1983, p. 193; Case 2000, box 15.35) :
This term is composed of the strength of the exploitative competition of species j on species i (ε i a i a j =a R ) and of their nontrophic interaction (g ij ); therefore, it can be seen as the standardized per capita effect of species j on species i, which we call "standardized effective interaction." Finally, the carrying capacity K i is given by the ratio between the intrinsic growth rates r i and the effective intraspecific competition a eff ii :
Note that equations (3) and (4) are mathematically equivalent; the standardized effective interactions are in general not symmetric (i.e., a ij ( a ji ) and, by definition, a ii p 1. From the consumer Lotka-Volterra model (eq.
[4]), assuming no species extinction and the system being at equilibrium, one can derive the expected BEF relationship. We start by writing explicitly the system of linear equations that define the positive equilibrium densities C * 1 1 0, ::: , C * S 1 0 of model (4) (i.e., by setting the parenthesis to zero):
as a function of the number of species. One possibility is to solve explicitly equation (7) for the exact biomass, but it is then not possible to extract the number of species S. Another possibility is first to sum this system of equations, which yields the following relationship between the sum of all carrying capacities, the standardized effective interactions, and the densities at equilibrium:
The sum of all carrying capacities P S ip1 K i gives the total densities that the system would reach in the absence of interspecific interactions among consumers. Second, one can solve equation (8) for the expected biomass. This is achieved by approximating the standardized effective interactions a ij in equation (8) by their expected or average value r:
Remember that the intraspecific standardized effective interactions are, by definition of model (4), equal to 1 (a ii p 1). We name r the "average standardized interaction." It follows that
Finally, by placing equation (10) into equation (8), we can isolate the expected total biomass that the system will reach and, consequently, obtain the following BEF relationship:
where 〈K i 〉 denotes the average carrying capacity (〈K i 〉 p 1=S ⋅ P S ip1 K i ). The second equation is for the relative biomass (the biomass in polyculture divided by the average biomass of the species in monocultures) and not the total biomass, as customarily studied in BEF research. This expression of the BEF equation is a one-parameter model that is constrained so that it passes through the (1, 1) point. It explicitly separates the contribution of species interactions (through the average standardized interaction r), of the average carrying capacity 〈K i 〉, and of the number of species S on the total expected biomass P S ip1 C * i . Note that standardizing the total biomass with average carrying capacity is a useful representation of the BEF relationship, as shown by Cardinale et al. (2006) , because it allows for the comparison of different systems. Moreover, relative biomass naturally accounts for idiosyncratic effects due to the presence of particular competitively superior species with large carrying capacity (the selection effect). Finally, this is a one-parameter equation that depends only on r, which itself does not depend on intrinsic growth rates or carrying capacities (see eq.
[5]). The parameter r can be interpreted as the "shape parameter" of the BEF relationship (see app. A, sec. A3, fig. A1 ; figs. A1, B1, E1, E2 are available online): a value of r ! 1 gives a positive relationship, that is, the total biomass increases with species diversity; a value of r 1 1 results in a negative BEF relationship, that is, the total biomass decreases with species diversity. Therefore, in order to have the strongest positive effect of species diversity on the total biomass, the amount of average standardized interaction (r) has to be as low as possible.
It is worth mentioning that equations similar to the BEF model (eq. [11]) have been derived independently and from different perspectives at least four other times (Vandermeer 1970; Wilson et al. 2003; Cardinale et al. 2004; Fort 2018) . Vandermeer (1970) explored the question of the number of species coexisting at equilibrium in communities of competing species. He derived an equation for the expected density (his eq. [3] ) that can be easily identified in our equation (11) except that it contains an additional covariance term between the interaction coefficients and the equilibrium density of the species. This correction term accounts for cases where, for example, species with high equilibrium density have large interaction coefficients. However, including this covariance term makes the equation not solvable for the expected density, and Vandermeer (1970) assumed that it was negligible. Wilson et al. (2003) used mean-field approximation to derive several key features of community structure (e.g., species abundance distributions) for Lotka-Volterra systems. Their equation (5a) for the mean "target density" is also easily identified in our equation (11); their equation was used specifically as a BEF relationship by Rossberg (2013) . Cardinale et al. (2004) specifically studied the effect of species diversity on total primary productivity and again developed an equation (their eq. [7] ) similar to our model (11), although in the more restrictive case of identical carrying capacities. In comparison, our derivation of the BEF model (11), as well as that in Fort (2018) , were explicitly intended for modeling how relative biomass (and not total biomass) scales with species richness S. Note that the results of the meta-analysis of Fort (2018) show that a correction by a covariance term appears not necessary.
That five independent derivations converge toward similar equations provides support for equation (11) as a representation of a well-grounded model for the BEF relationship. Interestingly, it also receives empirical support from the meta-analysis of Cardinale et al. (2006; see their fig. 2a) . In this work, the fit of three statistical models (log, power, and hyperbolic) were compared for the relationship between relative biomass Y (exactly similar to the left term of the second eq. [11] ) and species richness S in a data set of 45 studies.
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It was found that the hyperbolic Michaelis-Menten equation was the best model for the majority of studies. They fitted the following equation: Y p Y max S=(K 1 S), with Y max being the asymptote and K being the half-saturation constant (the value of S for which half of Y max is attained). We can easily see that our equation (11) fig. 2a in Cardinale et al. [2006] are perfectly compatible with this constraint). First, the BEF model provides a mechanistic justification for the use of the Michaelis-Menten model (with the constraint on the parameters). Second, equation (11) gives a biological explanation for the asymptote (Y max ) as the inverse of the average standardized interaction r in the community.
Including Temperature in the BEF Model
The second step is to include the effect of temperature on the interaction strength and the demographic parameters and then to examine its consequences for the BEF relationship. According to theory and empirical data (Rall et al. 2010; Englund et al. 2011; Gilbert et al. 2014) , in the rising part of a thermal performance curve (Dowd et al. 2015 ) the mortality, growth, and attack rates of ectothermic species increase with temperature. Therefore, in the consumer-resource system given by equation (1), these rates are assumed to increase with temperature. Following empirical evidence (Rall et al. 2010) , we assume conversion efficiencies ε i to be unaffected by temperature; for simplicity and in the absence of empirical evidence, the nontrophic interactions among consumers (g ij ) and the intraspecific competition of the resource (a R ) were also assumed to be unaffected. In the rising part of a thermal performance curve, temperature-dependent parameters follow the general functional form exp(2E=(k ⋅ T)), where E is the activation energy, k is the Boltzmann constant, and T is the absolute temperature in kelvins (Englund et al. 2011; Gilbert et al. 2014) .
We can then examine the temperature dependence of the standardized effective interaction. By making explicit the temperature dependence of the parameters in equation (5), we obtain
where A ij represents the exploitative competition for the common resource(s), which is given by A ij p ε i a i a j =a R (E a is the activation energy of the attack rate). The derivative of the interspecific interaction coefficients with respect to temperature is given by
All parts of the right-hand side of equation (13) are trivially positive except for the numerator. The A ij and A ii terms are positive, but there is no biological reason to expect that one term is consistently larger than the other. This is, however, not the case for the nontrophic interaction terms g, for which g ii is expected to be generally larger than g ij in a community with no extinction. We could expect some large interspecific terms (Connell 1983) , but the vast majority must be weak for the system to persist, especially when species richness increases. As a consequence, the numerator is expected to be positive, and thus the average standardized interaction r increases with temperature. Figure 1 illustrates this phenomenon for an arbitrary set of six species and one discrete resource. For this figure, the attack rates have been chosen as a 1 p 0:08, a 2 p 0:144, a 3 p 0:208, a 4 p 0:272, a 5 p 0:336, a 6 p 0:4, g ii p 1, and g ij p 0, and the activation energy was set to E p 0:55 [eV] according to Gilbert et al. (2014) . Figure 1A shows that the attack rate increases as a function of temperature. As a consequence, from equation (12) the standardized effective interactions between consumers also increases ( fig. 1B) . Finally, from equation (11) we can deduce that the BEF relationship becomes flatter with increasing average standardized interaction r as a consequence of increasing temperature ( fig. 1C ). The theory presented in this figure is robust to changes in parameter values as well as to using multiple resources or a continuous resource axis. The mathematical reason behind this robustness is that, by increasing the attack rate (or the amplitude of the niche utilization function), the interspecific standardized effective interactions increase, in general, until some saturation occurs.
Similarly, we can study the effect of temperature on consumer carrying capacity. By making explicit the temperature dependence of the parameters in the carrying capacity (eq. [6]), we obtain
where E m , E r , and E a are the activation energy for the mortality, resource growth rate, and attack rates, respectively. Then the derivative relative to the temperature is given by
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Contrary to equation (13), the sign of the term inside the brackets mainly depends on the balance between temperature-dependent mortality and fecundity, which cannot be unambiguously determined. Therefore, the carrying capacity may increase or decrease with temperature. Global warming is not only about an increase in the average temperature; it is also predicted that variation in temperature will increase. For the same temperature average, an increase in variation will also increase the average attack rate ( fig. B1 ). This is a consequence of the convexity of the attack rate curve ( fig. 1A) . Therefore, an increase in temperature variation results in an increase in average interspecific interaction, and consequently it will further flatten the BEF relationship.
Material and Methods
To empirically study the effect of temperature on the BEF relationship, we used the natural community inhabiting the rainwater-filled leaves of the carnivorous plant Sarracenia purpurea (Addicott 1974; Karagatzides et al. 2009 ). We chose natural microcosms because they have been shown to be valuable tools to address larger-scale ecological questions (Sri- Theoretical effects of temperature on the attack rates, standardized effective interactions, and the biodiversity-ecosystem functioning (BEF) relationship. A, In the rising part of the performance curve, the attack rate increases with temperature (Englund et al. 2011; Gilbert et al. 2014 ; blue dashed lines: 12.57C; orange dashed-dotted lines: 28.57C). The range of temperature was chosen to correspond with the physiological range of the protozoan morphospecies used in the present study according to empirical data. B, Consequence of attack rate increase on the standardized effective interactions a ij in a community of six species (see the text for parameter details). Lines represent the a ij for each pair of species as a function of attack rate. C, Effect of an increase in temperature-and therefore of average interspecific interaction-on the BEF relationship of hypothetical communities. The three panels illustrate that an increase in temperature translates into an increase in attack rate, which in turn induces larger standardized effective interactions and ultimately flattens the BEF relationship. vastava et al. 2004 ). In Europe, this community lacks the complexity of its North American counterpart (Kneitel and Miller 2002; Zander et al. 2016) and is generally composed of only two trophic levels. Bacteria form the lower trophic level and utilize the nutrients of the insects that they decompose. These bacteria act as the prey for the protozoans and rotifers in the second trophic level. The concise consumerresource relationship of the European S. purpurea community makes it perfectly suited to our modeling framework: it is simple enough to render negligible the possible effects of processes known to affect the BEF relationship in larger systems (see Tilman et al. 2014 ) while keeping competitive interactions as a key process for community dynamics ( Vandermeer 1969) . In addition, S. purpurea is located along a large temperature/altitude gradient within Switzerland, but the same common protozoan morphospecies can still be found in communities across this gradient (Parain et al. 2016 ). This feature allows for experiments to be conducted with protozoans of similar morphotype but that have naturally experienced different local temperature conditions, which is ideal for addressing how temperature will affect the BEF relationship. The protozoan species used in our experiment were collected from two sites in Switzerland differing in temperature: Les Tenasses (cold site; elevation, 1,200) and Champ Buet (warm site; elevation, 500 m). At each site and on the same day, we marked 50 leaves that were close to opening. Two weeks later, we returned to the two field sites and used a sterilized pipette to collect the rainwater from these nowopened leaves. The samples from each field site were pooled together in an autoclaved Nalgene bottle (one bottle per field site) and were transported on ice to the laboratory. This rainwater contained the protozoans (consumers) and bacteria (resources) that would be used in the experiment. By collecting water at both sites on the same day and from the leaves of the same cohort, we could ensure that the communities at both sites were from the same successional stage.
For each site, six protozoan morphospecies (three flagellates and three ciliates) that were morphologically similar between the two sites were isolated into monocultures (see app. C for more details). We then conducted a laboratory experiment in which three temperature treatments were crossed with protozoan diversity levels (one, two, four, and six species). The daily minimum, average, and maximum June temperatures are, respectively, 7.57, 10.37, and 18.37C for the cold site and 107, 15.57, and 20.97C for the warm site. These temperatures were used to program incubators that mimicked natural temperature fluctuations at both sites. Three incubators for each site were programmed to represent (1) the local conditions (treatment lc) of the site for the month of June, (2) an increased average temperature by 57C (treatment t5) while maintaining the same daily variation as in treatment lc (amplitude of 107C), and (3) an increase in average temperature by 57C and in variation (amplitude of 207C; treatment hv). The temperature programs had incremental increases and decreases in temperature over a 24-h time period according to methods used in Gray et al. (2016) . We chose the experimental highest temperatures so that they fell inside the temperature range experienced by the communities in the field, which was measured by data loggers placed inside leaves at both sites during an entire season (see Zander et al. 2017) .
Within these three temperature treatments, the protozoans were grown either in monoculture (five replicates for a total of 180 observations) or in communities of two, four, or six morphospecies (four replicates for a total of 216 observations; see table C1; tables C1, D1, D2, E1-E6 are available online). We ran the experiment for 6 days and determined the biomass of each morphospecies every 2 days. In our analyses, we used the biomasses on the last day, when protozoans reached a steady state (see Kadowaki et al. 2012) . A detailed description of the procedure used in the experiment is given in appendix C.
We used nonlinear regression to estimate the average standardized interaction r (eq. [11]) from our experimental results. A priori, r may vary with the number of species. Moreover, if facilitation occurs (i.e., negative effective interactions), r may take negative values. In this case, to avoid divergence r must increase with the number of species and must tend asymptotically toward positive values. Indeed, in a linear LotkaVoltera model (like in our eq. [4]) the strength of facilitation must decrease with an increasing number of species to avoid mathematical singularities (for details, see app. A, sec. A3). Therefore, we used two parameterizations for r. The first and simplest case assumes r to be constant: r ∼ l 1 , with l 1 1 0. The second parameterization is given by r ∼ l 1 2 l 2 =S, with l 1 and l 2 1 0; it is designed to account for facilitation, allowing r to take negative values in species-poor communities, and to tend asymptotically to the positive value l 1 . We fitted the two parameterizations and selected the most parsimonious model according to the Bayesian information criterion.
Results
The experimental results met the theoretical expectations. Figure 2 shows how temperature affected the BEF relationship for the relative biomass of protozoans from natural communities. When protozoans were grown at their local temperature (lc treatment), both BEF relationships were positive, with a clear case of positive interactions for the cold site (i.e., relative biomass is larger than species numbers). With an average increase of 57C, this relationship remained positive at both sites but, as predicted, with a lower slope compared with the lc treatment. Finally, with an increased temperature and an increased variability in temperature (hv treatment), the BEF relationship became flatter for the cold site and even negative Temperature Affects the BEF Relationship 233 for the warm site (Stachová and Lepš 2010; Rychtecká et al. 2014) .
The fitted values for the average standardized interaction (l 1 ) revealed a systematic increase with increased temperature average and/or variation (tables 2, 3). This is perfectly in line with the theoretical predictions that the slope of the BEF relationship becomes flatter and even negative with increased temperature average and/or variation. Note that the differences in l 1 values among the temperature treatments for the cold site are not statistically significant (lc vs. t5, P p :770; lc vs. hv, P p :182; t5 vs. hv, P p :443; t-test with Holm-Bonferroni-corrected P values), while they are significant for the warm site (lc vs. t5, P p :002; lc vs. hv, P ! :001; t5 vs. hv, P p :003). Figure 3 shows the effect of increased average temperature and temperature variation on the average carrying capacity of each of the consumer species. This figure illustrates that the carrying capacity can either increase or decrease with increased temperature average and/or variation, as expected from equation (15). Figure 4 shows the effect of temperature on the total biomass (fitted values are given in table D2). It displays the combined effect of temperature on the slope and on the carrying capacity of the BEF relationship; the main difference with figure 2 resides in the variable intercepts (corresponding to the average carrying capacities), which, by definition, equals 1 with the relative biomass. Although the average carrying capacity is variable, the average standardized interaction r will generally increase with temperature, and thus the BEF relationship will flatten, as theoretically predicted. Data and the R code are deposited in the Dryad Digital Repository: https://dx.doi.org/10.5061/dryad .hk1h26n (Parain et al. 2018) .
We observed several cases of species extinctions in our experiment (in 40 of 396 communities). These cases were not included in the statistical analyses of the BEF relationship, since our model was developed for situations where no extinction occurs. For completeness, we checked whether our conclusions would change if we included the cases with extinctions in the analyses, and we found that our results remained valid (see app. E). We performed logistic regressions at the warm site and the cold site on the frequency of extinctions as a function of temperature treatment and spe- The blue triangles represent the communities growing at their site temperature (lc), the orange circles represent those growing at the temperature average increased by 57C (t5), and the red triangles represent those growing at the temperature average and variation increased by 57 and 107C, respectively (hv). For better visualization, all data points are shifted slightly to the right so that the symbols for the temperature treatments do not overlap. The lines represent the fits of the mechanistic BEF relationship (eq.
[11]), where the average standardized interaction r was modeled as either constant or dependant on the number of species. Note that positive interactions were observed among protozoans from the cold site that grew at their local temperature (A) and that some species became extinct in the six-species communities in the hv treatment (B). This figure shows that, at both sites, warming results in a flattening of the BEF relationship, which is in accordance with the theoretical model. cies number. Extinction probability consistently increased with species richness, but the results were inconclusive with temperature treatment.
Discussion
Both our empirical and theoretical results show that the BEF relationship flattens with increased temperature and temperature variation. The mechanistic explanation for these results is a temperature-induced increase in attack rates (or increased amplitude of the niche utilization functions in the case of continuous resources), which translates into higher effective interactions and ultimately in higher average r. Although we did not measure attack rates in our experiment, the increase in attack rate with rising temperature has received empirical support (Rall et al. 2010; Englund et al. 2011; Gilbert et al. 2014 ). This mechanism is induced by a basic increase in metabolic rate with temperature. It is thus very general and should apply to most natural ecosystems composed of nonhomeothermic species experiencing the rise in average temperature and variation predicted by climate change models (IPCC 2014). The potential generalizability of our results has already been demonstrated experimentally in algal systems (Steudel et al. 2012 ) and in grassland communities (De Boeck et al. 2007 , 2008 . Both studies experimentally found a temperatureinduced negative effect on the BEF relationship, but the ability to determine the underlying mechanism behind this result remained a challenge. Steudel et al. (2012) highlighted the need to theoretically examine the effect of stress intensity on the BEF relationship. Our study was able to accomplish this for one key driver of the BEF relationship and for one key environmental stressor, namely, interspecific interaction and temperature, respectively. Our model shows that these two stressors are in fact not independent but linked by a basic metabolic mechanism. The next step would be to incorporate additional abiotic stressors, as climate change will likely alter these abiotic stressors directly or indirectly, which can influence the way productivity and species richness are interrelated (Grace et al. 2016 ). To our knowledge, although several experimental studies have considered the effect of abiotic stressors on the BEF relationship (Cd pollution, Li et al. 2010 ; e.g., Mulder et al. 2001) , only one study has experimentally investigated a stressor (salinity) in combination with temperature (Steudel et al. 2012) . The relative impact of interaction-mediated vs. other drivers on the BEF relationship under climate change thus remains an important research area for mitigating the effects of global changes on ecosystem functioning.
Interestingly, of the studies that examined nontemperature environmental stressors found that positive interactions between the species were likely to occur in the stressed environment, which counteracted the potential negative impact on the BEF relationship (Mulder et al. 2001; Li et al. 2010) . We also detected a case that was clearly indicative of positive interactions; however, it occurred in the local conditions treatment lc at the cold site ( fig. 2A, blue line) . Here, the total biomass was larger than the sum of the carrying capacities, or equivalently the relative biomass was larger than the number of species (see, e.g., Vandermeer 1969; DeLong and Vasseur Note: For each treatment, the best model was given by r ∼ l 1 , except for communities from the cold site that were subjected to the local conditions (lc) temperature treatment. In this case, positive interactions were observed ( fig. 2A) , and the appropriate model was given by r ∼ l 1 2 l 2 =S. For the parameter l 1 , the P values (two tailed) test the null hypothesis (H0) that l 1 p 1, while for l2 the null hypothesis (H 0 ) is l 2 p 0. Rejecting the null hypothesis for l 1 implies that it is statistically significantly smaller than 1 (positive BEF relationship) or significantly larger than 1 (negative BEF relationship). Rejecting the null hypothesis for l 2 1 0 implies positive interactions among consumers. fig. 4 ; table D1), the support for the simplest model in this treatment was stronger. hv p temperature increase by 57C and higher daily temperature variation; lc p local temperature; t5 p temperature increase by 57C.
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This content downloaded from 134.021.034.089 on February 06, 2019 00:50:00 AM All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c). A, Symbols represent the average (n p 5) carrying capacity of each species from the cold site in the different temperature treatments. The average carrying capacity of the six species is represented by the solid black line, which shows that it increases in the t5 (orange circles) and hv (red triangles) treatments compared with the lc treatment (blue triangles). B, Same as A, but for the warm site. Here, the average carrying capacity of a community in the t5 and hv treatments is almost constant, but the species-specific carrying capacities show idiosyncratic responses. hv p higher average temperature and variation; lc p local conditions; t5 p high temperature. Experimental results of the effects of temperature change on the total biomass and its relationship with species richness. Symbols are the same as figure 2. This figure shows that at the cold site, the average carrying capacity (i.e., total biomass when species are grown in monoculture, whose averages are given by the black dashes; dashes and symbols are slightly shifted for better visualization) increases with global warming, while it remains constant at the warm site. The slopes of the biodiversity-ecosystem functioning relationships are qualitatively similar to those in figure 2 and consistently decrease with increased temperature and temperature variation. 2012). We checked whether the presence of particular combinations of morphospecies was prevalent in our experimental microcosms where facilitation was evident, but we found no clear candidates. Positive interactions in protozoan communities have not been well studied, and more investigation is required to uncover the mechanisms underlying this phenomenon. For instance, the consumption of deleterious prey by a specialized species or the release of some beneficial secondary products could bolster the growth of the protozoan community. As a consequence, at least some of the interspecific nontrophic interaction terms g ij of equations (1) and (3) should be negative. Modeling facilitation in communities requires the dampening of interaction coefficients to prevent the system from expanding to infinity (Goh 1979; Rohr et al. 2014 ). Without precise knowledge of the process, we adopted a general modeling framework that provides a reasonable fit to the way the average interspecific interaction r is dependent on the number of species S (see app. A, sec. A3). Yet in accordance with the experimental results of Mulder et al. (2001) and Li et al. (2010) , the potential effect of positive interactions to lessen the impact of multiple abiotic stressors on the BEF relationship should be further investigated. We based our theoretical arguments on a classical LotkaVolterra competition model that assumes the dynamics of the common resources to be faster than that of the consumers. With this approach, a better mechanistic understanding of exploitative competition can be reached. However, it is important to realize that the assumption of "fast" resources is not critical for our theory (see app. A, sec. A2). In fact, it is sufficient that the system goes to an equilibrium or to limit cycles (the population average under limit cycles in a LotkaVolterra model equals the value of the interior equilibrium point; Hofbauer and Sigmund 1998, chap. 5.2) . Another critique can be raised from the choice of framing our model within a limited temperature range, namely, in the rising part of the thermal performance curve. First, it is difficult to develop a general theory because of the nonmonotonicity occurring when passing the thermal maximum. Second, because the decrease in performance beyond the thermal maximum is quite abrupt , we expect extinctions to occur because of negative intrinsic growth rates (r i ! 0). In this situation, a BEF theory becomes meaningless.
Our approach is based on relative biomass, while the usual currency in BEF studies is the total biomass (Loreau 2010 ). The main difference resides in the average level of biomass in monocultures (i.e., the average carrying capacity 〈K i 〉), which can be highly variable with total biomass (see, e.g., Steudel et al. 2012) , while by definition it equals 1 with relative biomass. With increasing temperature, we found that average carrying capacity increases, remains constant, or decreases ( fig. 3) . These different responses can be understood by the fact that the sign of the mathematical expression for the carrying capacity (eq. [15]) depends on the exact balance between the temperature-dependent parameters. In contrast, the average standardized interaction r will generally increase with temperature, and thus the BEF relationship will decrease. Note that relative biomass (eq. [11]) accommodates the idiosyncratic response of the carrying capacity (the selection effect), which suggests that this measure is a natural currency for the BEF relationship that allows crosssystem comparisons (Cardinale et al. 2006 ). In our case, the benefit of using relative biomass can be evaluated by comparing figures 2 and 4. While the results are qualitatively equivalent to those with relative biomass, the fitted curves in figure 4 are more difficult to interpret because of the variability and temperature dependency of the biomasses in monocultures.
Our results are a crucial first step toward understanding and predicting the effects of climate change on the BEF relationship. The results are key, as they provide evidence that protecting a high level of biodiversity will not be a guarantee for high ecosystem functioning, and thus they contribute to the arguments for mitigating climate change. Future experiments should investigate the impact of temperature increase on community dynamics by directly measuring attack rate and interaction coefficients. Another aspect that deserves more attention is that species extinction will become more frequent with global warming, not only because interspecific competition increases but also because species may ultimately live at the edge or even cross over their physiological boundaries (Petchey et al. 1999; Vasseur et al. 2014 ). An open question in this respect is the role of temperature as a factor for natural selection. Thus, future research must include species extinctions in both an ecological framework and an evolutionary framework.
for the intrinsic growth rate of consumer i in the presence of the resources,
for the effective interaction between consumers i and j,
for the carrying capacity of consumer i in the presence of the resources, and
for the standardized effective interaction between consumers i and j. These four equations are similar to the ones derived in the case of only one common resource, except that now we must sum all the resources.
In the same manner, we can also extend our framework for a continuous axis of resources. In that case the index k for the resource is replaced by a continuous variable x, and the summations are replaced by integration over the q 2018 by The University of Chicago. All rights reserved. DOI: 10.1086/701432 1 resource axis (MacArthur and Levins 1967; MacArthur 1970; Logofet 1992; Loreau 2010) . The intrinsic growth rate is thus given by
where a i (x) is the niche utilization function of consumer i. This function is equivalent to the attack rate, but instead of having a discrete index k, it is a function of the position x on the resource axis. In turn, the effective interaction, the carrying capacity, and the standardized effective interaction are respectively given by
and
With multiple continuous axes of resources (i.e., a multidimensional niche space), the integration in equations (A7) to (A9) becomes a multiple integration over the multidimensional niche space. As explained in Svirezhev and Logofet (1983, p. 193) , the integration at the denominator of equation (A9) is the total probability that the consumers i and j meet at one point of the niche axis and thus characterizes the overlap on the niche axis (assuming normalized utilization function). By including the term g ij for other nontrophic interactions we take into account other encounter events between consumers than only the ones for the common resources. Then, by normalizing the numerator of equation (A9), we obtain the standardized effective interaction a ij of our Lotka-Volterra model (eq.
[4]). Note that in all these extensions, only the precise way of computing the intrinsic growth rate, carrying capacity, and standardized effective interaction changes; the form of the dynamic model (eq. [4]) remains unchanged. Therefore, the form of the BEF model (eq. [11] ) is the same, as is the interpretation of r, the average standardized interaction. Indeed, the difference between the standardized effective interaction in the one-resource case (eq. [5]), the multiple-resources case (eq. [A5]), and the continuous resource axis case (eq. [A9]) is very minor. We move from the product of the attack rates on the single resource to the sum of this product over all resources, and finally, in the continuous case, the sum is replaced by an integration.
A2. Derivation of the BEF Model from the Consumer-Resource Model
Here, we provide a direct derivation of the BEF model (eq. [11]). We do not assume anymore that the dynamics of the resource are faster than the ones of the consumers and thus that the equilibrium R * for the consumer can be introduced in the differential equation. We assume only that the system holds a positive equilibrium point for resources and consumers. The starting point is again the consumer-resource Lotka-Volterra model (MacArthur 1970; Logofet 1992; Loreau 2010) : The parameter, the variables, and the dynamic behavior of the model are described in the main text. For simplicity, we consider here a single resource and S consumers (similar derivations hold for several resources or continuous niche axes). To derive the positive equilibrium values (R * , C * i ), we need to solve the system of equations given by setting the terms within the brackets to zero. This leads to the following system of S 1 1 linear equations:
To solve the system, we first extract R * from the last equation. This results in
Then, by placing the equation for R * into the first S equation of the system [A10], we obtain the following set of S linear equations for the consumers' equilibrium:
We can rearrange the terms such that
This equation is identical to setting to zero the term within the brackets of equation (3). We recognize the intrinsic growth rate of consumer i in r i p 2m i 1 ε i a i r R =a R and the effective interaction between consumers i and j in a eff ij p g ij 1 ε i a i a j =a R . By making those identifications, we get r i p P S jp1 a eff ij C * j . Finally, we divide both sides by the effective intraspecific competition term and obtain the following system of S linear equations:
with K i being the carrying capacity of consumer i and a ij being the standardized effective interaction (see the main text). This equation is exactly the same as equation (7), from which we derived the BEF model (eq.
[11]).
A3. Interpretation and Modeling of the Average Standardized Interaction r
The BEF model for the relative biomass (eq.
[11]) is given by Figure A1 shows how the relationship between the relative biomass and the number of species is modulated by average standardized interaction r. It shows that for r 1 1 the BEF relationship is negative, for r p 1 the relationship is flat, and for 0 ! r ! 1 the relationship is positive. Indeed, one can show that the BEF model is a monotonic function converging to the value 1=r. The problem is when one considers a negative value for r, that is, when facilitation is predominant in the system. In that case, it is easy to demonstrate that the relative biomass will undergo a vertical asymptote at S p 1 2 1=r, the point at which the denominator on the left side of equation (A16) equals zero. This is a well-known phenomenon when modeling facilitation with linear functional response in Lotka-Volterra models (Goh 1979; Rohr et al. 2014) . If the facilitation is too strong, then the densities will diverge and eventually go to infinity. To cope with this singularity in a linear Lotka-Volterra model, a sensible solution is to dampen the facilitation interaction with increasing species richness and therefore to impose that r increases with the number of species and converges to a positive value. Consequently, we use two models for r. The simplest model considers the average standardized interaction r to be independent from the number of species S:
where l 1 1 0 is a parameter that has to be estimated from the data. The second model considers r to depend on S. In this case, an adequate model is given by
where l 1 1 0 and l 2 1 0 are parameters that have to be estimated from the data. The extra term l 2 =S represents facilitation, which must decrease with species richness to avoid singularity in the Lotka-Volterra model. Relative biomass Figure A1 : Behavior of the biodiversity-ecosystem functioning model (eq. [11]) for different values of the average standardized interaction r (plain lines). Note that for r ! 0 (i.e., the system is dominated by facilitation), the model exhibits a singularity (vertical dashed line). A solution is to have r depend on species richness S (thick violet line).
A4. The BEF Relationship with Species Extinctions
In the case where extinctions occur, it is challenging to provide a theoretical model for the BEF relationship. First, we cannot use equation (7), which describes the positive equilibrium point, since only a subset of X species from our original set of S species will have a positive biomass at equilibrium. Therefore, we have to rewrite equation (7) for that subset only, that is,
Appendix A from E. C. Parain et al., Increased Temperature Disrupts the Biodiversity-Ecosystem Functioning Relationship
Here we assume, with a renumbering of the species, that C * 1 1 0, ::: , C * X 1 0, C * X 11 p 0, ::: , C * S p 0. Then, with extinction, we can derive a BEF relationship of the same form as equation (11):
where 〈K i 〉 is the average carrying capacity of the X surviving species and r X denotes the average standardized interaction of the subset of those X surviving species. If the selection of the surviving species is random, the approximation r x ≈ r can be used and the model could apply for the new subset of species. The difficulty of including extinctions in the model occurs when species are selected by a dynamic process, which is likely the case. Here, the average niche overlap r X of the X surviving species cannot be approximated by the average standardized interaction r of the S species, that is, r x ≉ r. If species are selected, it may be expected that the average standardized interaction for the surviving species is lower than the one for all species. The rationale behind this is that a set of species with a lower level of competition is more likely to coexist than a set of species with a larger level of competition (Vandermeer 1970; Bastolla et al. 2005; Saavedra et al. 2014) . This subset of species will have a lower average standardized interaction than what would be expected by chance, which is challenging to model as it will depend on the particular species composition. Figure B1 : Expected effects of increased temperature on the relative attack rate for the two sites. A and B show the different temperature treatments that we used in our experiment. The solid blue lines represent the local conditions (lc), the solid orange lines represent the high-temperature treatment (t5), and the solid red lines represent the high average temperature and variation treatment (hv). The dashed lines represent the average temperature for each temperature treatment with similar colors as described before. D and C show the relative attack rate responses for the three temperature treatments at the two sites. Lines and colors represent the same as described above. This figure shows that the average attack rate increases with temperature increase. However, the hv treatment increases the attack rate to an even greater extent. A site difference is also shown in this figure, with the attack rate higher at the warm site than at the cold site. This result can be explained by Jensen's inequality for the nonlinear relationship between attack rate and temperature (see fig. 1A ). E, minimum June temperature of 7.57C, maximum June temperature of 18.47C, 1,200 m asl). Note that in Europe, these communities are mainly composed of protozoans and bacteria that form two trophic levels (consumers and resources, respectively). At the beginning of the growing season, we marked approximately 50 leaves at both field sites that were at the same growing stage and close to opening. Two weeks later, we sampled the water inside the 50 leaves using a 1-mL pipette and sterile tips. These 15 days were necessary to allow for a sufficient amount of time for the leaves to fill with water and for the community to establish. The water from all leaves was pooled in a 1-L autoclaved Nalgene bottle (one bottle per site). The Nalgene bottles containing the S. purpurea water from the two sites were brought back to the laboratory and chilled at 47C overnight to slow community dynamics.
Isolating Protozoans
After observing the protozoan community composition of the two sites under the microscope (inverted Olympus microscope; zoom,#100), we selected six protozoan morphospecies per site. The morphospecies that were selected were common and in high densities in the communities and were functionally similar between the two sites. Among the six morphospecies, we selected three ciliates and three flagellates.
The isolation of each protozoan morphospecies occurred by sampling 100 mL of the communities and creating aliquots of the sample until a subsample of water was found in which the density of the target protozoan morphospecies was the highest. We then serially diluted this sample with sterile deionized water until we obtained a sample that contained five or fewer individuals from the target morphospecies and no other protozoan species. This procedure ensured that each within-site morphospecies was equivalent to only one species and limited the likelihood of contamination by other protozoan species. This sample was then transferred into a microcentrifuge tube filled with a mixture of 1 mL of sterilized deionized water and 100 mL of fish food (made of a Tetramin fish food solution; Tetra Holding, Blacksburg, VA), according to the protocol given in terHorst (2011). All of the isolated populations for the 12 species (six species per site) were grown in incubators mimicking the temperature of their site of origin and followed during 1 week to determine whether they had reached a high density (at least 500 ciliate individuals and 5,000 flagellate individuals per milliliter) and that no contamination had occurred. In the case of contamination, the isolation process was repeated.
(r max ) of each morphospecies in order to choose among the possible combinations (see table C1 ). Each of the different combinations of community complexity were then grown using the three different temperature treatments, so that the experimental design consisted of two origins#three temperature treatments#nine levels of complexity#four replicates, for a total of 216 samples.
The temperature treatments (see fig. B1A and B1B) that we applied throughout the course of the experiment were as follows: (1) local conditions (lc)-the average June temperature of the two sites according to 30 years of data acquired by WorldClim (http://www.worldclim.org; CB average temperature, 15.57C; LT average temperature, 10.37C; daily amplitude of 107C); (2) high temperature (t5)-an increase of 57C in the average June temperature for both sites but no change in temperature variation (amplitude of 107C); and (3) higher average temperature and variation (hv)-an increase of 57C in the average June temperature and an increase in the variation (amplitude of 207C; for CB, average temperature of 20.57C, minimum temperature of 107C, maximum temperature of 30.97C; for LT, average temperature of 15.57C, minimum temperature of 57C, maximum temperature of 25.97C). Each community was placed at the same time in the incubators that corresponded to its origin (three incubators for each origin). Note that the change in daily temperature in the experiment is in the natural range experienced by the communities (the maximum daily amplitude measured at the field sites with a data logger inside the leaves was approximately 257C, a regime that occurred during 1 week).
Experimental Setup
At the beginning of the experiments, 50-mL macrocentrifuge tubes were filled with 10 mL of sterilized deionized water and 1 mL of a solution of autoclaved Tetramin fish food (terHorst 2011; concentration of 1 mg of solid fish food in 1 mL of deionized water). The initial densities of the protozoans were adjusted according to their body size to obtain approximately similar biomass: we added 500 flagellates and 50 ciliates per tube (except for one ciliate morphospecies from CB where the initial density was 10 individuals due to their bigger size compared with the other ciliate protozoans). Fish food was added at the beginning of the experiment as the basal resource for the bacteria that arrived in the system with the protozoans. By adding this quantity of basal resources, bacteria were able to increase and maintain their densities throughout the experiment.
Monitoring
The density of each protozoan species was measured by sampling an aliquot of 100 mL (1% of the total volume; see Palamara et al. 2014 ) of the communities and counting the protozoans under an inverted microscope using a Thoma cell microscope plate. When the density was too low to use the Thoma cell accurately, the individuals were counted through the entire 22#22-mm coverslip. The biomass of each protozoan morphospecies was measured on days 2, 4, and 6 after the beginning of the experiments; only data from day 6 were used in the biodiversity-ecosystem functioning (BEF) relationship. Body density was assumed to be the same for all morphospecies, so biomass was measured as biovolume. Biovolume was measured at the start of the experiment in the local conditions. We did not measure biovolume during the experiment. Note that we did not observe any obvious change in body size, as has been observed in the presence of competitors (terHorst 2011). Although we cannot exclude the possibility that a change in biovolume of some morphospecies in the course of the experiment may have altered some of the BEF relationships, it is very unlikely that this potential effect could invalidate our main conclusion, that is, a weakening of the BEF relationship with temperature. First, the results of terHorst (2011) indicate that morphospecies selected in polyculture did not change in body size when in the presence of competitors (their fig. 3b) ; our morphospecies were selected from polycultures. Second, if temperature affects body size, it should do it very differently for the different morphospecies to affect the BEF relationships. If the effect of temperature is the same for all species (i.e., a similar proportional change in body size), it will not change the slope of the BEF relationships, only the intercepts for total biomass. The three ciliates The three flagellates Note: Each of the nine combinations was assembled for the two origins and the three temperature treatments and was replicated four times (for a total of 216 multispecies observations).
Appendix E from E. C. Parain et al., "Increased Temperature Disrupts the Biodiversity-Ecosystem Functioning Relationship" (Am. Nat., vol. 193, no. 2, p. 227) 
Species Extinctions in the Experiment
We analyzed the number of extinctions with a binomial generalized linear model (logistic regression) for both sites separately. The analysis was performed with the function glm of R (R Core Team 2015). We used species richness and temperature treatment as explanatory variables. The latter variable was coded as an ordered factor, with lc ! t5 ! hv; we considered only the linear term for this variable. Note that there was no evidence of interaction between both factors at both sites. Because of the low frequencies for the number of extinctions, all reported P values must be interpreted with caution. At the warm site, we observed zero extinctions for the normal temperature treatment in all levels of species richness. This explains the large standard errors of the intercept and of the variable temp. Using Markov chain Monte Carlo-based approximate exact conditional inference for logistic regression models did not solve this problem. The main results are that extinction frequency increases with species richness; however, these results were inconclusive with temperature treatment (more extinctions occurred at the warm site with increased treatment intensity, but extinctions tended to become less frequent at the cold site). Note: We observed 40 cases of extinction in the 396 tubes. In six cases, two species became extinct (four times with four species and twice with six species). All other cases involved one species. hv p higher average temperature and variation; lc p local conditions; t5 p high temperature.
q 2018 by The University of Chicago. All rights reserved. DOI: 10.1086/701432 1 
